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The photoluminescence (PL) spectrum of modulation-doped GaAs/AlGaAs quantum wells 
(MDQW) and heterojunctions (HJ) is studied under a magnetic field (By) applied parallel to the 
two-dimensional electron gas (2DEG) layer. The effect of Bn strongly depends on the electron-hole 
separation (d e fc), an d we revealed remarkable By-induced modifications of the PL spectra in both 
types of heterostructures. A model considering the direct optical transitions between the conduction 
and valence subband that are shifted in k-space under By , accounts qualitatively for the observed 
spectral modifications. In the HJs, the PL intensity of the bulk excitons is strongly reduced rela- 
tively to that of the 2DEG with increasing Bn . This means that the distance between the photoholes 
and the 2DEG decreases with increased By , and that free holes are responsible for the hole-2DEG 
PL. 

PACS numbers: 78.55.-m; 78.20.-e; 73.21.Fg 
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INTRODUCTION 



The low-temperature radiative recombination of the 
two-dimensional electron gas (2DEG) with photoexited 
holes is an effective optical probe of the many-body in- 
teractions and their modification under a magnetic field 
that is applied perpendicularly (B±) to the 2D-electron 
layer. Kinks in the B^-dependence of the photolumines- 
cence (PL) peak energy, the PL line broadening and the 
intensity changes for integral and fractional 2D-electron 
filling factors v — 2ttt12dLb (n2D is the 2DEG density, 
Lb is the magnetic length) were reportedi^ The most 
remarkable PL-modifications were observed in structure 
having a large 2D-electron - valence hole (2D e-h) sepa- 
ration, d e h, since then the holes weakly affect the many- 
body interactions of the 2DEG. Examples are asymmet- 
rically modulation-doped, GaAs/AlGaAs quantum wells 
(MDQW) (with a QW-width exceeding 20nm)ii^ and sin- 
gle GaAs/AlGaAs heterojunctions (HJ)iSiSil 

In the latter case, the photoexcited electron-hole pairs 
are rapidly separated by the built-in HJ electric field 
(over distances of d e h > 100 nm within the entire un- 
doped GaAs layer). Due to the small 2D electron-hole 
wavefunction overlap, their emission intensity is negligi- 
bly low and the PL spectrum of high quality HJ's, in the 
absence or at low B± (y > 2), is dominated by emission of 
excitons from the undoped (p-type) GaAs layer How- 
ever for filling factor v < 2, this excitonic PL transforms 
into a 2D e-h PL involving transitions between the lowest 
e-h Landau levels. This changeover in HJs was consid- 
ered to reflect an increased 2D e-h wavefunction over- 
lap with increasing B± (at v <2)^i2ii£ j but its physical 
mechanism is not fully understood. Recently, we pro- 
posed that the interaction of free excitons in the GaAs 



buffer layer and the magnetized 2DEG forming on the 
GaAs/AlGaAs interface, leads to an exciton dissociation 
into 2D-electron and free hole at v <2. The excitons drift 
to the 2DEG in the gradient of the built-in HJ electric 
field. Thus, the exciton drift and its dissociation deliver 
free holes to the 2D-eiii 

In order to elucidate the effect of the 2D-electron-hole 
separation on the PL spectrum, we studied the PL of 
GaAs/AlGaAs HJ's and MDQW's under a magnetic field 
that was applied parallel to the 2DEG plane, By . Ex- 
tensive transport and magnetoabsorption studies of the 
2DEG under Bu , were reported fiSiiiiii^ but there are 
only a few reports on the By-effects on the 2DEG PL in 
MDQWsi 16 i 17 i 18 A noticeable case is the effect of By on 
the spatially indirect exciton PL in biased double quan- 
tum wellsi^ We report on drastic By-induced PL spec- 
tral changes in high quality 25nm-width MDQW's and in 
HJ's as well as on their dependence on the 2D e-h separa- 
tion. We present a model that is based on the conduction 
and valence subband realignment under B|| that accounts 
qualitativily for the observed spectral modifications. The 
effect of a d e h decrease with B\\ on the PL spectrum of 
HJs, is also considered. 



II. MODEL. PL SPECTRAL MODIFICATIONS 
INDUCED BY By 

An in-plane By that is applied along the x-axis, cre- 
ates a crossed fields configuration with the perpendicular, 
built-in electric field E± (directed along the z-axis) that 
exists in the asymmetrically modulation-doped struc- 
tures containing a 2DEG. This causes an in-plane elec- 
tron (hole) drift (in the y-direction, perpendicular to By), 
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resulting in a deformation of the subband energy sur- 
faces, Cfc^S In particular, the conduction subband mini- 
mum shifts to a higher wave vector, ky=d e h/L 2 B (where 
is the magnetic length) and the in-plane electron ef- 
fective mass (m ey ) increases along the y-directioni2Si2i 
Thus, an indirect bandgap appears, and the 2DEG-frcc 
hole PL spectrum that originates in the direct optical 
transitions, is strongly modified. 

In order to describe the spectral modifications, we use 
the general expression for the spectrum of the 2De-h ra- 
diative recombination. 2 * The PL intensity at a photon 
energy hui = E g + e e + Sh is 



I(Hw) = J Jdk x dkyf(e h )f(s h )8(huj-E g -£ e -£ h ) (1) 

Here E g ,e e ,£h are the band gap, electron and hole in- 
plane energies, and f(e e ),f(£h) are the Fermi distribu- 
tion function for 2D-electrons and the Boltzmann distri- 
bution function for nondegenerate holes, respectively. In 
the direct band gap limit (Bu =0), all optical transitions 
with a given huj occur at hk e = hkh — (2fi(fkJ — Eg)) 1 / 2 
(/i is the reduced electron-hole effective mass). Thus, the 
PL spectrum is described by I(tkj)ocf(e e )f(eh). 

In the presence of B\\ , direct optical transitions oc- 
cur between the valence and conduction subbands that 
are displaced in fc-space away from each other by ky = 
d e heB\\/ he. Thus, the momentum and energy conserva- 
tion laws require that for given ftw and k y : 
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and conduction (and valence) band states of different en- 
ergies participate in the optical transitions at the same 
photon energy. The optical transitions at hu> involve 
states with k y varying between k y \ and k y 2 that are the 
roots of the Eq.2 (at k x = 0). Then, integrating Eq.l 
once, we obtain 



I (Huj) 
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where f(e h ) =exp(-Eh/k B T h ) , f(e e ) = (l+exp((e e - 
Ep)/kpT e )~ 1 . T e and Th are the effective electron and 



hole temperatures, and Ep 
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the Fermi energy in the presence of B\\. We note that 
Ep < E F since m ey increases with 

In Figure 1, numerically calculated PL spectra are pre- 
sented for several ky values that correspond to increasing 
Bu values. The PL peak intensities are obtained from the 
condition of B-independent spectrally- integrated PL. In 
the presence of Bu , the lowest PL energy shifts by 
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2(m ey + m h ) 2c 2 (m ey + m h ) 



(4) 



and the PL spectrum is strongly deformed, particularly 
at large k^ . This results from a change of number of the 



occupied free-hole states participating in the recombina- 
tion process. For example, as ky increases, the direct 
optical transitions between the 2D-electrons at Ep and 
the lowest energy, highly populated valence hole states, 
have become available. This leads to a pronounced PL in- 
tensity enhancement at Ep, as can be seen in Fig. 1. The 
PL spectral evolution with increasing ky oc B\\ is shown 
in Figs, la, b for two values of the 2DEG density. These 
spectra demonstrate that the main effect of B\\ is not an 
enhanced diamagnetic shift (see Eq.3) as was considered 
before^ but the drastic modification of the entire 2De-h 
PL spectrum. For example, the lowest optical transition 
shifts by e B ~ 2meV at k^ ~ 1.8 • lf/cm- 1 (B\\ =7T and 
d e h=18 nm), while the PL peak-energy shift depends on 
the 2DEG density and reaches 7meV at n^D — 2.10 11 
cm' 2 (see Figs, la, b). 

The energy distribution of the photoexcited free holes 
participating in the 2De-h PL, strongly affects the PL 
spectrum under Bu . The energy distribution of the holes 
can be different from that corresponding to the lattice 
temperature (Tp) because the radiative recombination 
rate is higher than the energy relaxation rate in the 
MDQW at low temperatures. 2 In order to demonstrate 
the effect of the nonthermalized holes on the PL, we dis- 
play the PL spectra calculated for the effective hole tem- 
perature Th = 4K (dashed lines in Fig. 1). T e is taken 
to be equal to Ti,=1.9K, since the photoelectron rapidly 
loses its energy by the electron-electron scattering pro- 
cess occurring in the dense 2DEG. Due to the heavier 
hole mass and the spatial separation of the holes and 
2DEG, the efficiency of the hole-2DEG energy relaxation 
is lower, and Th is taken to be different of T e . One can see 
in Fig. 1 that the high-energy valence states occupied by 
nonthermalized holes, result in a pronounce PL spectral 
modification under increased B\\ . 

The PL spectra shown in Fig. 1 were calculated with 
m ey — m ex . The dotted curve in Fig. lb shows the cal- 
culated PL spectrum for m ey — m ex + bky -dependence 
with ky = 1.4 • 10 6 cm' 1 (b — 10~ 7 is a numerical coef- 
ficient). The larger m ey leads to a PL band narrowing 
and a low-energy shift of the PL peak due to Fermi en- 
ergy decrease. Thus, the strong B\\ effect on the 2De-h 
PL spectrum is predicted by this simple model. For a 
MDQW in which n^p, can be varied, larger spectral mod- 
ifications are expected at higher n2D since d e h increases 
with U2D due to the increased built-in electric field. Our 
analysis does not include the "usual" diamagnetic shift. 
The value of this small shift (< 1 meV at 7T) is close to 
the exciton diamagnetic shift under B\\ as measured for 
undoped 20nm wide QW (see below, Fig. 3). 

The effect of B\\ is expected to be different in wide 
HJ's, since d e h is large, and it varies with increasing Bu. 
The simplest estimate of d e h in a HJ at B\\ =0, can be 
obtained by d e h — VhT — fihE±i~ where Vh is the va- 
lence hole drift velocity in the HJ electric field E± ( fih is 
the hole mobility) and r is the characteristic recombina- 
tion time of the hole (due to capture by charged accep- 
tors in the buffer p-type GaAs layer). Taking /i/j = 10 4 
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cm 2 /Vseo22 and a minimal value of E± =10 3 V/cm and 
t = 10~ 10 s, we obtain d e h > 10~ 4 cm. The photoexcited 
holes are thus accumulating at a large distance where E± 
diminishes. Therefore, d e h is of the order of the GaAs 
buffer layer width and it is much larger than that 

in the MDQWs. 

In the presence of Bu, the hole drift from the inter- 
face is slowed down, since it exhibits a helical motion 
along the y-direction (in E±- Bu crossed fields configu- 
ration) . The hole drift velocity can be written (in a clas- 
sical approach) as: V B = (ihE±/[l + (fihBu/c) 2 )], (c is 
the light velocity). Then, for B\\ >1T {n h B\\/c ~ 1), d eh 
strongly decreases, reaching values < 10 — 5 cm at Bu > 
2T. Thus, the spatial distribution of photoexcited holes 
(in the buffer GaAs layer) is mainly determined by the 
incident light penetration depth. The hole density near 
the 2DEG layer increases while the density of holes situ- 
ated away from HJ decreases. Fewer holes are available 
to form excitons in the buffer GaAs layer, and the exci- 
ton PL intensity decreases while that of the 2De-h PL is 
enhanced with increasing Bu . It is important to under- 
line that the discussed PL modifications in Bu are only 
relevant for free holes that recombine with momentum 
conservation. In the case of recombination of localized 
holes with 2DEG, the spectral PL modifications are ex- 
pected to be small since indirect optical transitions with- 
out fc-conservation are allowed. 



III. EXPERIMENTAL RESULTS AND 
DISCUSSION 

The PL spectroscopic study was performed on several 
GaAs/AlGaAs HJ and MDQW samples grown by molec- 
ular beam epitaxy. The HJ samples have a thick GaAs 
buffer layer (widths of l/i ) and the MDQW samples have 
a single 25nm-wide QW. The 2DEG densities and dc mo- 
bilities at 4K vary in the ranges of tiid = (0.7 — 3) • 10 11 
cm~ 2 and fj, = (1 — 4) ■ 10 6 cm 2 /Vsec, respectively. Pho- 
toexcitation was done by illumination with a Ti-sapphirc 
laser light (photon energy of 1.56 eV) or by a He-Ne laser. 
The incident light intensity was kept below 10 _2 W/cm 2 . 
The He-Ne laser photon energy (1.96eV) is greater than 
the band gap of the AlGaAs barrier, thus, n 2 D can be 
reduced due to optical depletion by increasing the He-Ne 
laser intensityiS 4 * 2 ^ The PL spectra were measured with a 
high resolution by using a double spectrometer equipped 
with a CCD camera. The samples were immersed in liq- 
uid He at temperature T^— 1.9K, and photoexcitation 
and PL detection were performed perpendicularly to the 
2DEG plane under an in-plane B\\ . 

Figs. 2a-c display the PL spectral evolution with in- 
creasing Bu measured on two MDQW samples. At B = 
0, PL spectra can be well described by a simple product of 
the distribution functions for the 2D electrons of density 
n2D at the electron temperature T c —Tl and nondegen- 
erate holes with effective T h (Eq.l)j2fi. The 2DEG Fermi 
energy is then estimated from the 2De-h PL bandwidth. 



Upon applying Bit , the PL spectra show remarkable mod- 
ifications: a high-energy shift, intensity redistribution, 
and band narrowing. Fig. 2a presents the PL spectra 
of the MDQW with n° 2D = 3 • 10 n cm- 2 at B||=0, 4.5 
and 7T and the calculated spectra for ky — 0, 1, 1.4 and 
1.6-10 6 cm _1 for T e =1.9K, T h = 4K. A d eh value of 15 nm 
can be estimated from the comparison of these spectra. 
Figs. 2b, c show the effect of varying n^D on the PL 
spectral evolution under Bu . The PL spectra are mea- 
sured on the same MDQW with "n\ D = 1.8 ■ 10 n cm~ 2 
under two He-Ne laser intensities (under optical deple- 
tion). As n 2 D is reduced, less spectral modifications are 
observed since d e h decreases. The total width of the 2De- 
h PL spectra (oc Ep), decreases with Bu. At Bm=7T, Ep 
decreases by 1.5-1.3 times as a result of an electron mass 
enhancement ^ilk 

The observed PL spectra display the main features pre- 
dicted by the simple model of Sec II. This model does not 
accounts for the -By-effect on the electron(hole) wavefunc- 
tions, but we assume that the discrepancy between the 
calculated and observed PL spectra may result from the 
nonthermalized hole distribution function, which is not 
described by the Boltzman distribution with the effective 
T h . 

The -By dependencies of the integrated PL intensity (J) 
and the energy Eb that was obtained by extrapolating 
the PL intensity of low energy part of spectrum to zero, 
are shown in Fig. 3. We note that the integrated PL 
intensity varies only slightly with Bu . Eb is presented for 
a MDQW at two 2DEG densities, n\ D = 1.8 • 10 11 cm" 2 
and U2D ~ 1 • 10 11 cm -2 (curves 1 and 2, respectively). 
These dependencies are compared with the behavior of 
the exciton PL peak energy versus Bu that was measured 
in the 20nm-wide undoped QW (curve 3). Eb ~ £_b in 
the MDQW varies with n^D, and it strongly depends on 
Bu when compared with the exciton diamagnetic shift in 
undoped QW. 

Fig. 4 displays the PL spectra of the HJ sample upon 
applying a perpendicular magnetic field, B± (Fig. 4a) 
and a parallel field, -By (Figs. 4b, c). Figs. 4b and c 
show the PL spectra for the same HJ (n^ D — 1.6 ■ 10 11 
cm~ 2 ) under photoexcitation with El = 1-52 eV and 1.96 
eV (under optical depletion), respectively. At B=0, the 
PL spectrum consists of two strong narrow lines origi- 
nating in free and bound excitons of GaAs buffer layer £ 
With decreasing n 2 D (Fig 4c), the built-in electric field 
decreases, holes are situated closer to the heterointerface, 
and the broad 2De-h PL band appears at B — 0. Un- 
der photoexcitation that does not vary xiid (Figs. 4a, 
b), the 2De-h PL can be detected as a low-energy low- 
intense background PL. These broad PL bands are due 
to a radiative recombination of the photoexcited holes 
and 2D-electrons whose wavefunctions weakly overlap at 
B = 0. At B±_ ~ 3.2 T {v -2), the PL changeover occurs, 
and the 2De-h PL intensity sharply enhances while the 
exciton PL intensity decreases (Fig. 4a)iii Another dras- 
tic 2De-h PL modification is observed near v ~1 (B± ~ 
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6.5-7T)4i±i 

The PL evolution with applying in-plane Bu is shown 
in Figs. 4b, c. Starting from low B\\ , an increase of the 
2De-h PL (low-energy PL tail) intensity and an narrow- 
ing of the band with .By are clearly observed. A redistri- 
bution between the 2De-h and exciton integrated PL in- 
tensities with increasing B» is presented in inset of Fig. 5. 
A smooth changeover from the exciton to the 2D-e-h PL 
under B\\ ~ IT is revealed. This is in contrast to the 
case of the sharp, 2DEG density-dependent changeover 
observed under B±m^ 

The 2D-e-h PL intensity enhancement seen in Figs. 4b, 
c, results from the -By-induced delivering of free holes 
to the heterointerface while the narrowing and spectral 
PL shift is caused by the effect of Bt\ on the PL spec- 
tral shape. Indeed, with increasing B» , the photoexcited 
holes are swept away for smaller distances, and increased 
number of the holes can recombine with 2D-electrons giv- 
ing rise to the 2De-h PL. There is a set of the d e h -values 
because the holes are spatially distributed in GaAs buffer 
layer. This leads to a specific PL spectrum having a long 
low-energy tail since the PL intensity strongly reduces 
with increasing d e h- As B\\ increases, d e h decreases, how- 
ever d e h is large enough so that ky is high, and the PL 
line shape at -By =7T corresponds to the PL spectrum 
calculated for ky > 2.10 6 cm _1 as one can see in Fig. 1. 

In Fig. 5, we compare the HJ PL spectra under par- 
allel (curves 1,4), normal (curve 2) and 45°-tilted mag- 
netic field (curve 3). The spectra presented by curves 1 
and 2 are obtained at B\\ = 5T and _B^=5T, respectively. 
The high-energy, excitonic part of both spectra are at the 
same energies, and it is independent of the B-orientation. 
The excitonic part of the spectrum under tilted magnetic 
field (.By = £>^=5T, curve 3)is similar to that measured 
at .B||=7T (curve 4). Both these facts give evidence to the 
bulk nature of the high-energy part of the PL spectrum in 
the HJ. The 2De-h parts of the PL spectra obtained un- 



der -By and B± (curves 1 and 2) are completely different, 
and these differ from that observed under tilted magnetic 
field. In the latter case, the 2De-h PL originates in the 
radiative recombination from the lowest e-h Landau lev- 
els (due to i?j_-component) while an additional spectral 
shift £b is caused by -By-component. The value of this 
shift is of 1.8meV, and the 2De-h separation of 25 nm 
can be estimated by using Eq. 3. Thus applying _By =5X, 
leads to a reduced hole drift that results in the strong 
2De-h PL enhancement. 



IV. CONCLUSIONS 

In conclusion, our study shows that in-plane magnetic 
field leads to a remarkable spectral modification of the 
2DEG-hole PL in MDQWs and SHJs. The smooth in- 
tensity redistribution between the PL of the bulk excitons 
and of the 2DEG is revealed in HJs. This is caused by the 
effect of B|| on the free hole distribution in the HJ. The 
2De-h PL evolution studied upon applying B\\ , evidences 
that free holes are responsible for this emission in the 
high quality HJs. Thus, we can conclude that the sharp 
PL changeover observed at v ~2 in HJs under perpen- 
dicularly applied B±, is induced by a threshold spatial 
redistribution of the free holes whose possible physical 
mechanism was recently proposed^ 
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FIG. 1: The calculated PL spectra for two rt2D values at in- 
creasing ky — d e heB\\/hc. m ex = 0.067mo, m ey = [0.067(1 + 
W~ 7 ky )]mo, m h = 0.35m , T L = T e =1.9 K. Solid (dashed) 
lines are for Th = 1.9K (T^=4K), respectively. Dotted curve in 
Fig. lb shows the effect of increased m ey . ky -values are shown 
near the curves. 



FIG. 3: By -dependencies of the £ B -shift for the MDQW at 
two 7i2o: curve 1 is obtained at higher U2d than curve 2. 
Curve 3 - exciton PL peak energy shift for an undoped QW. 
Curve 4 - integrated PL intensity versus By for the MDQW. 



FIG. 2: 2DEG PL spectral evolution under a parallel mag- 
netic field, B||=0, 4.5, 7T. a). 25-nm wide MDQW with 
7i2B — 3 • 10 11 cm~ 2 (solid lines). The fitted spectra with 
correponding ky -values are presented by dotted lines, b, c) 
25-nm wide MDQW with n% D ~ 1.8 • lO^cm -2 at two He-Ne 
laser light intensities, II: iz,i(b) is less than Il2 (c). 
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FIG. 4: The PL spectral evolution in the HJ upon applying 
B± (a) and By (b, c). a and b are measured under photoex- 
citatiion at E L =1.52 eV , (c) - at 1.96 eV 



FIG. 5: PL spectra of HJ. 1 and 4 - under By =5 and 7T, 
respectively, 2- under B±=5T and 3 - under a 45°-tilted mag- 
netic field (B = 7T, By = B±=5T). Inset: Integrated inten- 
sity of the exciton and 2De-h PL versus By . 
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